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Abstract—Beamspace multi-input multi-output (MIMO) rely-
ing on lens antenna arrays can significantly reduce the number of
radio-frequency chains in millimeter-wave (mmWave) communi-
cation systems through beam selection. However, the beamform-
ing gain is actually frequency-dependent in wideband mmWave
MIMO systems. This phenomenon is called beam squint, which
will deteriorate the system’s performance when traditional beam
selection methods are used. To solve this problem, we propose a
wideband beam selection method for mmWave MIMO systems
relying on lens antenna arrays. Firstly, we select one beam with
the maximal energy averaged over the whole band for each user
and then we sequentially select the beams that contribute the most
to the sum-rate. Performance analysis of the proposed wideband
beam selection method is also presented. Numerical results show
that the proposed method achieves higher sum-rate and energy
efficiency compared with its traditional counterparts.
Index Terms—MmWave MIMO, lens antenna arrays, wide-
band beam selection.
I. INTRODUCTION
M ILLIMETER-wave (mmWave) communication hasbeen identified as one of the key technology for 5G
wireless communication systems due to its sufficient band-
width [1], [2]. Massive multi-input multi-output (MIMO)
technique is usually applied to compensate for the heavy path
loss of mmWave signals through effective precoding. For the
conventional fully digital precoding, each antenna is coupled
to a dedicated radio-frequency (RF) chain. On account of
the numerous antennas in mmWave MIMO systems, the fully
digital precoding has extremely high hardware cost and power
consumption. To reduce the number of RF chains, a promising
way is to use lens antenna arrays [3], [4]. Lens antenna arrays
transform the spatial mmWave channel into sparse beamspace
channel [5], meaning that only a part of beams carry much
of the information. After beam selection, the number of RF
chains is reduced at the cost of insignificant performance loss
[6].
To achieve this goal, [5], [6] exploited beam selection
strategies that are suitable for narrow-band systems. The mag-
nitude maximization (MM) method proposed in [5] selects the
focused-energy beams. Furthermore, the interference-aware
beam selection (IA-BS) method proposed in [6] reduces the
interference among users to achieve high sum-rate. However,
practical mmWave MIMO systems are wideband [7]. When the
angle-of-departure (AoD) is away from broadside of the lens
antenna array, the required beams are frequency-dependent and
act as a function of frequency. The phenomenon is called
beam squint [8], [9]. Thus, the existing narrow-band beam
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selection methods are not directly applicable due to the effect
of beam squint. The authors in [10] proposed a wideband beam
selection method for the wideband mmWave systems using the
spatial information in sub-6 GHz band. However, the effect of
beam squint of wideband systems has not been considered in
this paper.
In this paper, we propose a wideband beam selection method
to combat with the beam squint existing in wideband mmWave
MIMO systems. Specifically, we select one beam with the
largest energy averaged over the whole band for each user.
Subsequently, we sequentially select the beams that contribute
the most to the sum-rate until the target number of beams.
Meanwhile, we derive the upper bound of the sum-rate gap
between the fully digital structure and the proposed method.
Numerical results show that the proposed wideband beam
selection method outperforms the traditional methods in sum-
rate and energy efficiency.
Notation: Lower-case and upper-case boldface letters denote
vectors and matrices, respectively. (·)T, (·)H, (·)−1 and (·)†
denote the transpose, conjugate transpose, inverse and pseudo-
inverse of a matrix, respectively. tr(·) represents the trace
function. Card(·) denotes the cardinality of a set. | · | and
‖ · ‖ denote the absolute value of a scalar and the norm of
a vector. A(i,:) and A(:,i) are the i-th row and i-th column
of the matrix A, respectively. Finally, IP denotes the identity
matrix of size P × P .
II. SYSTEM MODEL AND CHANNEL MODEL
In this section, we first introduce a wideband mmWave
MIMO system relying on a lens antenna array. Then we
describe the wideband mmWave channel model, where the
effect of beam squint is highlighted.
A. System model
We consider a multi-user wideband mmWave MIMO system
with a base station (BS) serving U single-antenna users, as
shown in Fig. 1. The BS employs N antennas and NRF RF
chains. Different from the traditional narrow-band systems
[6], the BS in the wideband system adopts the orthogonal
frequency division multiplexing (OFDM) technology and the
number of sub-carriers is K . The BS transmits the signals
s [k] ∈ CU×1 at each sub-carrier k (k = 1, 2, · · · ,K). Note
that the power of the transmit signal s [k] is normalized as
E
(
s [k] sH [k]
)
= IU . Then the transmit signal is digitally pre-
coded. F [k] ∈ CNRF×U is the digital precoding matrix in the
baseband. It satisfies the power constraint tr
(
F [k]FH [k]
)
=
ρ, where ρ is the transmit power. Subsequently,K -point IFFTs
are conducted to transform the precoded signals F [k] s [k] into
time domain. Afterwards, we add a cyclic prefix (CP) to the
time-domain signal to deal with the inter symbol interference.
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Fig. 1. Illustration of the wideband mmWave MIMO systems relying on a
lens antenna array.
The beam selector S ∈ CN×NRF selects NRF antennas to
be coupled with NRF RF chains. Each column of S has and
only has one non-zero element ‘1’ [11]. Thus, the received
complex baseband signal y [k] ∈ CU×1 of U users at the k-th
sub-carrier is presented by
y [k] = HH [k]UHSF [k] s [k] + n [k] , (1)
where H [k] = [h1 [k] ,h2 [k] , · · · ,hU [k]] ∈ CN×U and
hu [k] is the spatial channel vector between the BS and the
u-th user at the k-th sub-carrier. U ∈ CN×N is a DFT
matrix because the lens performs as a spatial discrete fourier
transform of the incident signals [12]. n [k] ∈ CU×1 is an
additive Gaussian noise vector and n [k] ∼ CN
(
σ2IU
)
with
σ2 denoting the power of noise.
The beamspace channel H˜ [k] ∈ CN×U is defined as
H˜ [k] = UH [k] =
[
h˜1 [k] , h˜2 [k] , · · · , h˜U [k]
]
. Then we
further define the reduced-dimension effective channel after
beam selection as H˜r [k] = S
HH˜ [k] = H˜ [k](n,:)(n∈B), where
B is the set of selected beams. Thus, the digital precoder can
be designed as F [k] = (H˜Hr [k])
†
according to the widely
used zero-forcing method. It is worth noting that the signal
processing in the baseband is frequency-dependent, while the
beam selection is frequency-independent.
B. Channel model
We will describe the wideband mmWave channel model in
this sub-section. The mmWave channel consists of a line-of-
sight (LOS) propagation path and L − 1 non-LOS (NLOS)
propagation paths. Therefore, the delay-q channel tap for user
u can be expressed by [3], [13]
hu,q =
L−1∑
ℓ=0
prc (qTs − τu,ℓ)αu,ℓa
(
φku,ℓ
)
, (2)
where ℓ = 0 denotes the LOS channel path, prc (τ) de-
notes a raised-cosine filter performing as band-limited pulse-
shaping function for Ts-spaced signaling evaluated at τ
[13], τu,ℓ is the delay, αu,ℓ is the complex gain. a(φ) =
1√
N
[
e1,e
j2piφ ,··· ,ej2piφ(N−1)
]T
[5] is the array response vector
when the typical uniform linear array is used at the BS.
φku,ℓ =
fk
c
dsinθu,ℓ denotes the spatial AoD, where fk =
fc+
B
K
(
k − 1− K−12
)
is the frequency at sub-carrier k with fc
denoting the central frequency and B denoting the bandwidth,
c is the light speed, d is the antenna spacing, and θu,ℓ is
the physical AoD. Note that the spatial AoD φku,l vary with
frequencies, which is termed as beam squint [9].
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Fig. 2. Illustration of the proposed wideband beam selection method: (a)
initialization; (b) progressive beam selection
Assuming that the CP is of length NQ, the spatial channel
vector of user u at sub-carrier k is
hu [k] =
NQ∑
q=1
hu,qe
−j 2pik
K
q =
L−1∑
ℓ=0
βu,ℓa
(
φku,ℓ
)
, (3)
where βu,ℓ = αu,ℓ
∑NQ
q=1 prc (qTs − τu,ℓ) e
−j 2pik
K
q . Due to the
effect of beam squint, the beamspace channel H˜ [k] varies
with the frequencies in different sub-carriers. However, the
beam selection is frequency-independent. Thus, the traditional
narrow-band beam selection suffers from performance loss.
To solve this problem, we propose a wideband beam selection
method in the following section.
III. WIDEBAND BEAM SELECTION
In this section, we propose a wideband beam selection
method for mmWave MIMO systems. We assume that the
channel state information is known as prior information [5],
[6]. We also provide performance analysis of the proposed
method.
A. Proposed wideband beam selection method
Since that there exist U users in the system, at least one
beam should be allocated to each user [5]. To capture most of
the channel energy over the whole band with limited number
of RF chains through beam selection, we first propose to select
one beam with the maximum energy averaged over the whole
band for each user. As shown in Fig. 2 (a), the 2D “Beams v.s.
Users” plane demonstrates the beam’s energy averaged overK
sub-carriers. For the remaining beams, we sequentially select
the beams that contribute the most to the sum-rate as illustrated
in Fig. 2 (b). This step can be implemented in the following
proposition 1.
Proposition 1: The problem that selecting the beam which
contributes the most to the sum-rate is equal to finding the
beam b that satisfies
argmax
b
K∑
k=1
log2 (1 + κb [k]) , (4)
3where κb [k] =
tr(Mb[k])
(tr(G−1[k])+1)(tr(G−1[k])−tr(Mb[k])) , Mb [k] =
gb [k]G
−1 [k]G−1 [k]gHb [k]
(
1 + gb [k]G
−1 [k]gHb [k]
)−1
,
gb [k] = H˜ [k](b,:) and G [k] = H˜
H
r [k] H˜r [k] + δI with a
small positive parameter δ.
Proof: Let Cn be the sum-rate with the currently selected
beam set B and Cn′ be the sum-rate with the updated beam set
B ∪ {b}. We can express the sum-rate of wideband mmWave
MIMO systems as Cn = U
∑K
k=1 log2
(
1 + ξ
tr(G−1[k])
)
and Cn′ = U
∑K
k=1 log2
(
1 + ξ
tr
(
(G[k]+gHb [k]gb[k])
−1
)
)
[6],
where ξ = ρ/σ2 is the SNR. Note that the inverse matrix of
G [k] is available for computation [6]. Thus, the sum-rate gain
after selecting the beam b can be expressed as
Cn′ − Cn
(a)
= U
K∑
k=1
log2
(
1 +
tr (Mb [k])
ξ
tr(G−1[k])+ξ
tr (G−1 [k])− tr (Mb [k])
)
,
(5)
where (a) is obtained by the matrix inversion lemma,
the property tr (XY ) = tr (Y X) in matrix theory,
and some mathematical operations. The expression in
the function log2(·) of (5) can be rewritten as 1 +
tr(Mb[k])
( 1ξ ·tr(G−1[k])+1)(tr(G−1[k])−tr(Mb[k]))
. Note that G [k] is a
diagonally dominant matrix because hHi [k]hj [k] ≈ 0 for
i 6= j. Then tr
(
G−1 [k]
)
> 0. Besides, (5) is an increasing
function for tr (Mb [k]). Thus, we set
1
ξ
as 1, which doesn’t
change the monotonicity of (5). Then we select the beam b to
maximize (5), and (4) is acquired.
We summarize the proposed wideband beam selection
method in Algorithm 1. We first calculate the averaged energy
in step 2. Then we select one beam bu with maximal energy
for each user in step 3 and 4. We sequentially select the beams
that contribute the most to the sum-rate until the target number
of beams NRF in step 8-10.
Algorithm 1 Wideband beam selection method relying on a
lens antenna array
Input:{
H˜ [k]
}K
k=1
, B = ∅, NRF and N = {1, 2, · · · , N};
Beam selection method:
1: for each user u do
2: Calculate the averaged energy h¯ = 1
K
∑K
k=1 ‖h˜u [k] ‖
2;
3: Select the beam bu = argmaxbu
∣∣h¯ (bu)∣∣ , where bu ∈
{1, 2, · · · , N} ;
4: Update B = B ∪ {bu} ;
5: end for
6: N2 = NRF − Card (B) ;
7: for i = 1 : N2 do
8: Update H˜r [k] = H˜ [k](n,:)(n∈B) ,N = N\B;
9: Select the beam b according to (4);
10: Update B = B ∪ {b} ;
11: end for
12: Obtain the beamspace channel H˜r [k] = H˜ [k](s,:)(s∈B)
B. Performance analysis
In this sub-section, we will analyze the sum-rate gap be-
tween the fully digital structure and the proposed wideband
beam selection method. We define the sum-rate of the fully
digital structure and the proposed method as CD and CP ,
respectively.
Proposition 2: When the SNR tends to be infinite, the sum-
rate gap between the fully digital solution and the proposed
method is upper bounded as
CD−CP ≤ U
K∑
k=1
log2
(
1 +
tr (M [k])
tr (B−1 [k])− tr (M [k])
)
,
(6)
where B [k] = H˜Hr [k] H˜r [k], M [k] = P [k]B
−1 [k]B−1 [k]
PH [k]
(
I+P [k]B−1 [k]PH [k]
)−1
, and P [k] =
H˜ [k](p,:)(p∈N\B).
Proof: The sum-rate of the fully digital structure is
derived by selecting all remanent beams. Thus, the effective
channel of fully digital structure is H˜D [k] =
[
H˜r [k]
P [k]
]
,
and we have H˜HD [k] H˜D [k] = H˜
H
r [k] H˜r [k] + P
H [k]P [k].
Then the sum-rate of the fully digital solution is expressed
by CD = U
∑K
k=1 log2
(
1 + ξ
tr
[
(H˜HD [k]H˜D [k])
−1
]
)
. Subse-
quently, a proof similar to that of the Proposition 1 is adopted
with the assumption that the inverse of H˜Hr [k] H˜r [k] exists
and the term gHb [k]gb [k] is replaced with P
H [k]P [k] in Cn′.
Then we derive the expression of the sum-rate gap as
CD − CP = U
K∑
k=1
log2
(
1 +
tr (M [k]) · ξ
tr(B−1[k])+ξ
tr (B−1 [k])− tr (M [k])
)
,
(7)
When ξ tends to infinite, we have that
limξ→+∞ ξtr(B−1[k])+ξ =1. Finally, (6) is acquired.
It is observed that the sum-rate gap increases as SNR
becomes high. When the SNR tends to be infinite, the sum-
rate gap asymptotically approaches the derived upper bound
instead of increasing infinitely.
IV. NUMERICAL RESULTS
In this section, we investigate the performance of the pro-
posed wideband beam selection method in mmWave MIMO
systems. Two aforementioned traditional methods, i.e., the
MM method [5] and the IA-BS method [6], are directly
extended to wideband mmWave systems for comparison. The
system parameters for simulations are set as N=256, K=128,
L=3, U=8, NRF=16 [6]. sinθu,ℓ is i.i.d. and uniformly dis-
tributed over the interval
[
− 12 ,
1
2
]
[6]. We set fc=28GHz and
B=1.4GHz.
We show the system sum-rate versus the SNR in Fig. 3.
We observe that the proposed method outperforms traditional
methods by about 5dB. Note that though IA-BS method
eliminates the inter-user interference in each sub-carrier, the
interference still exists over the wideband as a result of the
effect of beam squint. Thus, the performance of MM method
and IA-BS method is almost same.
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Fig. 3. Achievable sum-rate comparison. The proposed method outperforms
two traditional methods.
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Fig. 4. Energy efficiency comparison. The proposed method outperforms two
traditional methods.
The comparison about energy efficiency is shown in Fig.
4. We calculate the energy efficiency as η = C
ρ+NRFPRF
(bps/Hz/W) and the power of RF chains PRF is typically set as
34.4mW [5]. The total transmit power ρ ranges from 0dBm to
30dBm and the noise power σ2 is -75 dBm [14] for all users.
We observe that the energy efficiency of the proposed method
is much higher than that of traditional methods.
Finally, we simulate three curves to verify the analytical
results (6), which include the sum-rate gap between the
proposed method and the fully digital solution, the analytical
expression of sum-rate gap (7), and the derived upper bound
(6) when SNR goes infinite. We observe that the analytical
results are consistent with the simulations.
V. CONCLUSION
The beam squint existing in wideband mmWave MIMO
systems deteriorates the system performance when traditional
narrow-band beam selection methods are used. In this paper,
we proposed a wideband beam selection method to solve
this problem. Specifically, we selected one beam with the
maximum energy over the wideband for each user and then
we sequentially selected the beams that contribute the most to
the sum-rate. We also derived the upper bound of the the sum-
rate gap between the fully digital solution and the proposed
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Fig. 5. Sum-rate gap versus SNR. The sum-rate gap improves as SNR
increases and it infinitely approaches the upper bound.
method when the SNR goes infinite. Numerical results verified
the superior performance of the proposed method.
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